Abstract-Electrical trees are hollow artifacts resembling botanical trees generated in high electrical fields, and are a form of polymeric insulation degradation. Most models assume partial discharges, which accompany tree growth, are the cause of material degradation, and so understanding the energy associated with discharges and the energy of vaporization of the material chemical constituents is critical. In this study the volume of trees has been determined through an X-ray Computed Tomography technique, and the energy of discharges by directly measuring PD activity during tree growth. It is shown that approximately 9xl05 J.lm 3 of material is evaporated per electrical Joule of energy, representing 7% efficiency in the conversion process.
I. INTRODUCTION
Electrical trees are one of the main mechanisms of long term failure in high voltage solid polymeric insulation. Electrical trees are interconnected networks of channels of degradation that grow under partial discharge (PD) activity, and are essentially gas-filled tubules [1] . A vast amount of experiments have been carried out to relate PD activity and tree growth [2]- [7] . Normally, 'phase-resolved PD analysis' (PRPDA) and to a lesser extent, 'pulse sequence analysis' PSA have been used to obtain patterns that characterize tree growth and perhaps identify the general tree morphology or stage of propagation. This approach does not focus on the relation of PD activity and material degradation.
Most of the physical models for tree propagation are based on the concept that the material damage (and consequently tree extension) is originated by the energy dissipated by PDs within the tree [8] . The 'discharge-avalanche model' [9] postulated that the extension of the tree occurs when the accumulated damage in the solid material exceeds a certain material dependent critical level. The accumulated damage from typically more than 10 3 discharges was required for channel formation. Another model [10] , assumed that the damage is proportional to the amount of energy released by the PDs and the channel formation occurs when both the local damage and the local field exceed critical values [11] . In the model proposed in [12] , the material damage produced by PDs was determined by the local electrical energy dissipated by the discharges and by the local electrical fields in the dielectric surrounding the tree. The tree would extend when the accumulated damage (quantified as energy) exceeded the energy to form a new channel, which was calculated considering the vaporization energy of the material and the volume of the new segment channel. This concept is described further below.
Partial discharge energy and tree volume degraded
Given that the tree is composed of hollow channels, it is assumed that the host polymer is vaporized by the action of PDs, breaking all the covalent bonds of the material contained in the equivalent volume of the tree [13] . The fraction of the PD energy that is used in breaking bonds (i.e. the vaporization energy) is a free parameter that in physical models, such as [12] , controls the tree propagation rate. In [13] experiments were carried out to compare the PD electrostatic energy supplied at the external terminals and the vaporization energy required to form the tree. The PD measurements for one cycle were taken every 35 cycles of the applied voltage, and from that representative cycle, the PD energy supplied over the entire experiment was determined. The vaporization energy was calculated estimating two parameters: the vaporization energy per unit volume (explained in Section III) and the volume of the resulting tree, estimated from two-dimensional optical images of the tree using the fractal dimension and length of the tree [13] . Using this approach, they reported that 1-5% of the total electrostatic energy input from the external circuit is used to form tree structures.
A new technical platform has been developed by the authors to analyze electrical trees in three dimensions (3D) [1] , [14] , [15] . For example, using X-ray Computed Tomography (XCT), which is a high resolution 3D imaging technique, the tree volume can be measured more accurately. In addition, advances in PD recording technology currently allow continuous recording of PD activity over the entire tree growth experiment. These technologies were deployed in a set of samples and the results reported in this paper.
II. METHODOLOGY
The influence of the applied voltage on the resulting tree volume was investigated using two samples. The samples were prepared using the conventional point-to-plane configuration with a gap of -2 mm between the needle tip and the bottom of the sample. The samples consisted of epoxy resin cubes (Huntsman Araldite® CY221 -Aradur® HY2966, glass transition temperature 25-29 0c) of 25 mrn edge with Ogura needles of 3 11m tip radius inserted. Two tree growth experiments were carried out, at 10 and 12 kV (sinusoidal 50 Hz) respectively, where each sample was stressed for 115 minutes.
The tree growth was monitored by an optical camera and PD measurements over the entire tree growth. Using a balanced circuit arrangement, PDs were detected with the MPD-600 Omicron system, which records the PD events as a series of data including the apparent charge of each discharge and the time, phase angle and instantaneous voltage when each discharge occurred; and separately stores the voltage waveform with a sample every 48 I1S (sampling rate of -20 kHz). The minimum apparent charge to be recorded was set to 2-3 pC to remove the background noise. The stressing time of 115 minutes was counted from the time when the tree initiated, i.e. when a small segment was noticeable by the optical camera and the PD activity started. After the tree growth experiment, the samples were machined to create a -2 mm diameter cylinder of polymer containing the tree to be imaged. The samples were imaged using X-ray Computed Tomography (XCT) [1] at the Paul Scherrer Institut, the Swiss Light Synchrotron. A total of 6001 radiographs were taken with 45 ms of exposure time per radiograph, using an X-ray energy of 16 keY. The pixel size was 0.65 11m which provided a field of view of 1.6 mrnx1.4 mrn per radiograph. Virtual replicas of the samples were generated from the experiments as explained in [1], [11] and from them, the tree volume (material removed) is readily obtained.
III. CALCULATION OFPD AND VAPORIZATION ENERGIES
The PD energy was calculated from the apparent charge, and therefore, corresponds to the energy fed into the terminals of the sample [16] . The expression used was:
where qi is the apparent charge of the discharge and Vi is the instantaneous voltage at the terminals of the sample when the discharge occurred, for all 'i' PD events. The exact dissipated energy due to PDs at the discharge site is unknown, however the external electrical energy fed into the terminals of the sample is closely related, and thus, it will be used indistinctively here as 'PD energy'.
In epoxy resin, the vaporization energy per unit volume can be estimated using the procedure presented in [12], [13] , which is explained as follows. For the calculation, it is assumed that the epoxy resin is made entirely of diglycidyl ether of bisphenol A (DGEBA) molecules with molecular weight of 340 g and each molecule having 58 covalent bonds with 4 eV of bond energy [12] . Thus, the energy per mole can be estimated as The density of the epoxy used was 1.15 g/cm 3 , giving a molar volume (molar weight divided by density) of V m = 2.96xW-4 m 3 . Hence, the energy of vaporization per unit volume (Emol Vm) was estimated to be 7.56xW IO Jm-3 . This value multiplied by the tree volume yields the vaporization energy, which was the energy required to degrade the material and form the tree.
IV. RESULTS AND DISCUSSION
The resulting 3D models (virtual replicas) of the electrical trees contained in the samples are presented in Fig. 1 and parameters characterizing each are summarized in Table 1 . From the 3D models, the tree volume was measured and the values are presented in Table 1 . As expected, the sample aged at 12 kV has a more bush-type structure than the sample aged at 10 kV and consequently, a greater volume.
PD activity was recorded during tree growth. The magnitude of the apparent charge of the discharges as function of stressing time is depicted in Fig. 2 . It should be noted that given that discharges smaller to 2-3 pC were not recorded, the contribution of these discharges to the PD energy is not considered, and an unquantifiable error is included here. However, it is expected that most of the discharges from the tree are above this recording lower limit, considering that this epoxy resin was in a semi-flexible state. Experiments have shown that in epoxy resins, non-conducting trees grow when the epoxy is in its flexible state (above the glass transition temperature) [17] , and the magnitude of PDs is in the range 1 pC -1 nC with fewer discharges less than 2-3 pC [7] , [17] .
Considerable differences in the magnitude and trend of the apparent charge are observed between the two samples. Higher values of the discharge rate, and the average energy per discharge were recorded for the sample stressed at 12 kV as shown in Table 1 . This sample had nearly double the number of PDs of the sample aged at 10 kV, and despite the voltage being only a 20% higher, the PD energy of the sample aged at 12 kV was more than five times the energy of PDs from the sample aged at 10 kV, evidencing the higher amplitude of PDs in the sample aged at 12 kV. One minute (the 65 th ) was selected to construct and compare the PRPD plots, which are shown in Fig. 3 . The apparent charge was plotted in logarithmic scale and unipolar (the polarity of the discharge was disregarded). For the equivalent stressing time (the 65 th minute), similar PD patterns were obtained, however, considerable differences in the magnitude and repetition rate in the discharges are observed. 978-1-4673-7498-9115/$31.00 @2015 IEEE
The tree volume of each sample was measured from the virtual replicas and presented in Table 1 . However, there is naturally some uncertainty in the generation of the tree replicas which affects the accuracy of the result. One of the factors that affected the accuracy concern problems in the reconstruction process that generated artefacts around some tree channels. These artefacts were associated to the selection of the center of rotation in the reconstruction [1], [11] , that produced shadows and artificial channel borders in some of the tree channels located in the upper part of the tree. Another factor was the possibility of having tree channels that are not hollow tubes but low density material. During the image segmentation process, these factors can be partially corrected manually. Nevertheless, it is estimated that the impact in the accuracy in the volume measurement is less than 15%. In addition, a small part of the sample aged at 12 kV was out of the field of view and thus, that volume could not be included in the calculation. However, from the optical images and the suggested progression of the channels, this lost volume was considered negligible (-1 %).
Usinfi an energy of vaporization per unit volume of 7.56xlO 0 Jm' 3 (see Section III), the vaporization energy associated to the tree volume of each sample is calculated and presented in Table 1 . Finally, the ratio between the vaporization energy which was required to form the tree and the PD energy could be determined. The ratio was around 7% and it is higher than the value reported in [13] , which was in the range of 1-5%. The difference may arise from the fact that in [13] the PD energy and the volume of the tree were estimated (see Section I). Equivalently, the volume per PD energy unit could be emphasized, which gives a more direct relationship between the material degraded and the energy released by the PDs. These parameters are important for most of the tree modeling methodologies that uses a physical approach, in which the volume degraded is proportional to the energy released by the PDs.
The result obtained shows that, for the cases presented here, only around 7% of the PD energy supplied at the external terminals was required to form the tree. The remaining energy (-93%), as suggested in [13] , could have been dissipated as heat, light and mechanical energy.
V. CONCLUSIONS
This paper has presented the results of experiments that related the external electrical energy fed into the terminals of a sample during PD activity and the tree volume degraded. PDs were recorded during the entire experiment and the tree volume was measured from the 3D virtual replica generated from XCT experiments. Volume tree (11m 3 )
1.6xl0 6 8.1xl0 6
Volume per discharge (11m 3 ) 0.3 0.9
Vol. per energy unit (I1m 3 /J) 9.7xl0 5 8.9x 10 5
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The vaporization energy, determined by the adding of the chemical bond energies, which is the energy required to dissociate the atoms from the material previously within the tree channels, was around 7% of the PD energy at the external terminals. Approximately 9x10 5 11m 3 of material is evaporated per electrical Joule of energy. This value can be used in the physical models of tree growth to relate PD energy and material damage and thus, to control the simulated tree growth rate.
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